Investigation of dealloying of S phase (Al2CuMg) in AA 2024-T3 aluminium alloy using high resolution 2D and 3D electron imaging  by Hashimoto, T. et al.
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High-resolution  2D  and  3D  electron  microscopy  have  been  employed  to investigate  the  dealloying  of  S
phase (Al2CuMg)  particles  in an AA  2024-T3  aluminium  alloy.  Preferential  dissolution  of  magnesium  and
aluminium  produced  a sponge-like  remnant  with  nanosize  porosity  and  a copper-rich  remnant  network.
The  dealloyed  S phase  remnant  retains  a tetragonal  structure  with  a smaller  lattice  parameter  than  the
S phase.  Metallic  copper  nanoparticles,  constituting  4–8% of  the  dealloyed  remnant,  are  present  at  the
intersections  of remnant  branches.  At the  surface  of  the  remnant,  a copper  layer  of ∼2 nm  thickness  iseywords:
e-alloy
. Aluminium
. Intermetallics
. SEM
. STEM
formed,  which  terminates  further  dissolution  of  the  less  noble  elements.
© 2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).. TEM
. Introduction
AA 2024-T3 aluminium alloy is widely used for aerospace appli-
ations due to its high strength to weight ratio and high damage
olerance that result from copper and magnesium as the principal
lloying elements and appropriate thermomechanical processing.
he microstructure of the alloy is relatively complex and a num-
er of compositionally-distinct phases have been identiﬁed [1].
lthough possessing favourable mechanical properties, the alloy
s relatively susceptible to corrosion and generally requires surface
reatment in practical applications. The corrosion behaviour of the
lloy is particularly affected by the presence of the intermetallic
articles due to their differing potentials with respect to the alloy
atrix [2–9]. Copper-containing second phase particles at the alloy
urface are particularly detrimental to the corrosion resistance as
hey provide preferential cathodic sites [2,10]. One of the principle
ypes of second phase particle that is important to the corrosion
ehaviour of the alloy is the S phase (Al2CuMg) particle [1,11].
ealloying of S phase particles, which may  account for ∼60% of the
onstituent particles in AA2024 alloys [11], is commonly observed
hen the alloy is exposed to an aggressive environment. The parti-
les are considered as important initiation sites for severe localized
orrosion in the alloy [11–22]. The dealloying of the S phase par-
∗ Corresponding author. Fax: +44 1613064865.
E-mail address: t.hashimoto@manchester.ac.uk (T. Hashimoto).
ttp://dx.doi.org/10.1016/j.corsci.2015.11.013
010-938X/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article uticles and the resulting enrichment of copper result in a decrease
of the Volta potential with respect to the matrix and hence the
dealloyed particles become active cathodic sites [23–25].
Generally, dealloying involves selective dissolution of one or
more elements from a homogeneous phase. Dealloying in an aque-
ous environment requires that the electrochemical potentials of
the alloying elements are signiﬁcantly different and that the alloy
is within a particular concentration range. For example, in the case
of a high concentration of noble atoms, the dissolution of a less
noble element may  be terminated before a sponge-like structure
can form due to the surface enrichment of the noble atoms. The
sequential processes of surface roughening, due to selective dis-
solution of the less noble element, and surface smoothing, due to
mass transport of the remaining element by volume [26] or sur-
face diffusion [27,28], play important roles in the formation of the
dealloyed structure.
It was reported that the dealloying of S phase in AA2024 alu-
minium alloy results in a copper-rich remnant, which subsequently
decomposed into 10–100 nm copper clusters that became detached
from the alloy surface [11–14]. However, the detailed, local compo-
sitional and structural evolution during S phase dealloying remains
unclear. In the present study, dealloying of S phase in AA 2024-T3
alloy has been imaged in two  dimensions (2D) and three dimen-
sions (3D) by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) to provide new insights into the mor-
phological, compositional and crystallographic changes during the
dealloying process, especially the behaviour of copper atoms.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
EDX analyses corresponding to Fig. 1.
Spectrum Composition (atomic %)
Mg Al Mn Fe Cu
1 21.0 54.3 0 0.1 24.6
2  20.9 55.6 0.1 0 23.6
3  7.0 83.3 0.2 0 9.5
4  0.9 79.8 0.8 2.4 16.158 T. Hashimoto et al. / Corros
. Experimental
Specimens of AA 2024-T3 aluminium alloy (Mg  1.6 wt%, Fe
.5 wt%, Si 0.5 wt%, Cu 4.8 wt%, Mn  0.5 wt%, Cr 0.1 wt%, Zn 0.24 wt%,
i 0.15 wt%, Al rem.) were cut from cold-rolled sheet and immersed
n naturally aerated 1.5 M NaCl solution for 45 min  at room tem-
erature. The specimens were then cut using a diamond knife
n a Leica Ultracut ultramicrotome and the block faces were
xamined in a Zeiss Ultra 55 scanning electron microscope oper-
ted at 1.5 kV, using the in-lens backscattering detector with a
rid bias of 1000 V. In order to generate 3D images, serial block
ace scanning electron microscopy (SBFSEM) [20–22], was  per-
ormed. SEM images recorded for the block surface after removal
f each ultramicrotome slice were made into an image stack,
hich is then analysed to produce a 3D reconstruction. Before
EM imaging was performed, the alloy specimens were ﬁrst
rimmed with a conventional ultramicrotome (Leica EM UC6).
erial sections, of 15 nm nominal thickness, were then cut in a
EI Quanta 250 FEG-ESEM using an in-situ ultramicrotome (Gatan,
View). Images of 4 × 3.5 m size were acquired at an electron
nergy of 2.5 keV, using a backscattered electron detector. The
D reconstruction was obtained from the sequential images, with
ixel size of 11 × 11 nm,  using Gatan Digital Micrograph soft-
are.
In addition to the dealloying investigation of the S phase in the
ulk alloy in NaCl solution, electron transparent sections of the
irgin alloy were prepared and the S phases within the sections
ere dealloyed by immersion in deionised water for 1 min  [29,30].
he deionised water was employed in order to limit the extent of
ealloying of the S phase particles and corrosion of the matrix that
ould occur if a 1.5 M NaCl solution were to be used. Under the lat-
er condition, severe corrosion of the thin sections causes dealloyed
 phase particles to drop out from the corroded matrix. Follow-
ng exposure to deionised water, the sections were examined by
EM and scanning transmission electron microscopy (STEM). TEM
pecimens were prepared by grinding a 3 mm diameter disk of
he alloy to 100 m thickness, dimpling to 20 m thickness and,
nally, ion beam thinning (Gatan PIPS). A beam energy of 5 keV
nd an incidence angle of 10◦ were used for ion polishing until per-
oration occurred and then the ion energy was reduced to 2 keV
nd 5◦ incidence angle to remove any amorphous areas created at
he higher energy. During the grinding, dimpling and cleaning pro-
esses, ethanol, diamond paste mixed with oil, and acetone were
mployed respectively in order to avoid exposing the specimens to
ater. Subsequent TEM examination of an as-prepared specimen
onﬁrmed that no dealloying of the S phase occurred during the
pecimen preparation processes and that dealloying only occurred
ollowing the later exposure of the sections to deionised water. The
pecimens were examined in a FEI Tecnai F30 (S)TEM instrument
perated at 300 kV. Selected area electron diffraction patterns were
cquired with a selected area aperture of ∼280 nm diameter. High
ngle annular dark ﬁeld (HAADF) imaging was performed with a
robe current of 0.05 nA, a probe convergence angle of 12 mrad and
 HAADF inner angle of 53 mrad. Fourier transforms (FT) of the high
esolution images were analysed using Gatan Digital Micrograph
oftware.
Tilt series of HAADF STEM images were acquired in the Tecnai
sing FEI’s Xplore3D software for a tilt range of +65◦ to −65◦ and
ith a tilt increment of 1◦. 3D STEM images were reconstructed
ith Imod software [31] and AVIZO Fire software. Additional high
esolution HAADF STEM imaging was performed using a probe-side
berration-corrected Titan G2 80-200 (S)TEM operated at 200 kV
ith a probe current of 1 nA, a convergence angle of 24.9 mrad and
 HAADF inner angle of 54 mrad.5  0.9 64.6 0.1 0.2 34.2
6  1.2 85.4 0.6 2.0 10.8
3. Results and discussion
The scanning electron micrographs of Fig. 1a and b display a
group of S (Al2CuMg) and  (Al2Cu) phase particles, which were
identiﬁed by EDX analyses (Table 1), before immersion in 1.5 M
NaCl solution. Fig. 1c–g shows the same particles after immer-
sion, revealing nano-porosity at both the S and  phase surfaces,
indicating clearly that dealloying occurred in the particles during
immersion. The particles appear unchanged in size by the immer-
sion. After removal of 100 nm thick of the materials from the surface
using a diamond knife in order to reveal the particle morphology
100 nm beneath the surface, Fig. 1e–g shows that the nano-porosity
is still evident in both the S and  particles, suggesting that deal-
loying of the particles had penetrated into the bulk of the particles.
Since it is impossible to determine from Fig. 1 the dealloy-
ing penetration depth, a cross-section of an S phase particle was
examined using SEM. The cross-section, shown in Fig. 2a and b,
reveals clearly that the testing solution had preferentially attacked
the particle, compared with the alloy matrix (Fig. 2b), resulting
in the typical sponge-like morphology of dealloyed S phase with
nano-porosity and a continuous solid S phase remnant network
(Fig. 2b). The dimensions of the pores and the remnant network
vary gradually from the outer region to the inner region, with the
outer region exhibiting relatively large pores and coarse remnant
network, and the inner region showing relatively ﬁne pores and
remnant network. Considering that the dealloying started from the
surface and developed inwards, it is evident that the morphology
of the dealloyed S phase evolved gradually. A recent investigation
of de-alloying of S phase using electrochemical impedance spec-
troscopy indicated that the rate of dealloying is initially fast but
slows after about 180 s as a copper-rich layer forms [32]. Further,
although most of the alloy surface remains relatively free of corro-
sion (Fig. 2a), it is evident in Fig. 2b that the S phase dealloying is
accompanied by preferential dissolution of the alloy matrix imme-
diately adjacent to the particle. Interestingly, the dealloying front
line between the dealloyed S phase remnant and the intact S phase
matches precisely with the dissolution front line between the intact
alloy matrix and the corrosion products generated from the disso-
lution of the alloy matrix, as indicated by the dashed line in Fig. 2,
suggesting that only the dealloyed S phase remnant could provide
the driving force for the preferential dissolution of the alloy matrix
adjacent to the particle under the testing condition.
Accurate EDX analysis of the speciﬁc features in the dealloyed
S phase remnant is not possible due to the relatively large interac-
tion volume at the acceleration voltage required for the detection
of copper with respect to the ﬁne size of the features. Therefore,
the compositional variation between the features in the remnant
was determined based on the electron backscattering coefﬁcient
(b), which is quantitatively represented by greyscale values, in
low voltage backscattered electron images of the dealloyed S phase
remnant [33]. The difference in composition is reﬂected by the vari-
ation in the backscattering coefﬁcient or greyscale value because
the coefﬁcient increases with increasing atomic number, as shown
in Fig. 3. It is evident that the measured greyscale values for
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tig. 1. Backscattered electron image of the ultramicrotomed block face: (a) and (b)
urface  shown in (c) and (d); (g) the framed area in (e) at increased magniﬁcation, r
luminium and S phase are consistent with the backscattering coef-
cient determined from the average atomic numbers for the two
hases. The estimated greyscale values for a composition AlCu
nd for pure copper are also indicated in Fig. 3. Fig. 4a shows
he backscattered electron image of the framed area indicated
n Fig. 2 at increased magniﬁcation. It is evident that within the
egion immediately behind the dealloying front, of approximately
00 nm thickness, the dealloyed S phase remnant is relatively com-
act compared with the dealloyed region further away from the
ealloying front that has undergone a greater degree of dealloy-
ng. Based on the greyscale value of the individual pixels in Fig. 4,
nd the relationship between the greyscale value and the materi-
ls composition indicated in Fig. 3, it is found that metallic copper
anoparticles are present in the dealloyed S phase remnant, which
as conﬁrmed by crystallographic structure analysis (discussedater). The distribution of copper particles is illustrated in Fig. 4b.
he copper particles are located at the intersections of the branches
f dealloyed S phase remnant, as shown schematically in Fig. 4d;
he particles occupy 8% of the total area. The preferred location fore immersion; (c) and (d) after the immersion; (e) and (f) about 100 nm beneath the
ing the porous morphology.
the copper nanocrystals to form at the intersection of the S phase
remnant branches is possibly determined by the stress distribution
during the dealloying process. Interestingly, copper particles are
absent within the region immediately behind the dealloying front,
suggesting that metallic copper nanoparticles were formed at the
later stages of the dealloying. Fig. 4c shows the mean greyscale
value of the dealloyed S phase remnant and its area fraction (in
the 2D image) in the regions indicated in Fig. 4b, revealing mean
greyscale values of approximately 180 in the regions more than
100 nm away from the dealloying front and a greyscale value of
162 in the 100 nm region immediately behind the dealloying front.
This suggests that the former regions were dealloyed to a greater
degree than the latter regions and had reached a stable condition in
terms of compositional change; in contrast, the region immediately
behind the dealloying front was still in the process of dealloying.
This is also evident in the difference in the porosity size between
the two  regions. The area fraction of the dealloyed S phase remnant
is determined as approximately 50% with the rest being porosity.
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Fig. 2. (a) Backscattered electron image of the cross section of the alloy after immersion in
F
c
sig. 3. Relationship between the composition, the electron backscattering coefﬁ-
ient (b) and the greyscale value.Fig. 5 displays the 3D reconstruction, obtained by SBFSEM, of a
elected volume of the alloy after immersion in a 1.5 M NaCl solu- 1.5 M NaCl solution; (b) the boxed region of (a) showing the dealloying of S phase.
tion, with selective transparency applied to the alloy matrix, and
various colours applied to S phase and its remnant, which are deter-
mined based on the greyscale in the backscattered electron images.
Particle 1 (blue) had completely dealloyed. Particle 2 was partially
dealloyed (purple indicating the dealloyed volume and red indicat-
ing the intact volume). Particle 3 is also partially dealloyed. The light
blue features are dispersoids in the alloy. Fig. 6c indicates that the
volume fraction of the dealloyed S phase remnant is approximately
55%, which is similar to the area fraction determined from the 2D
images shown in Fig. 4. The volume fraction of copper particles
located at the intersections of the S phase remnant is also revealed
as approximately 6%, consistent with the value determined from
the 2D images shown in Fig. 4.
In addition to the immersion testing of the bulk alloy, electron
transparent foils of the virgin alloy were tested by immersion in
deionised water for 1 min  [29,30] in order to limit the extent of
dealloying and then to be able to examine the dealloyed S phase by
scanning transmission electron microscopy. Fig. 6a shows a bright
ﬁeld image of an S phase particle after immersion in deionised
water, revealing 3 distinct regions, namely an intact region (1), a
dealloyed region (3), and a boundary region (2) between the intact
region and the dealloyed region. The bright ﬁeld and HAADF images
of region 3 at increased magniﬁcation reveal clearly the sponge-like
structure (Fig. 6e and f), with the bright areas in the HAADF image
representing relatively high content of copper.
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Fig. 4. (a) Backscattered electron image of the framed area indicated in Fig. 2 at increased magniﬁcation; (b) distribution of copper particles (black dots); (c) the mean
greyscale value of the dealloyed S phase remnant and its area fraction in the regions indicated in (b); and (d) schematic diagram of the dealloyed S phase remnant.
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pplied to S phase and its remnant: (a) segmented particles with different colours
hase  remnant and copper nanoparticles rend indicated rendered as black and whi
Selected area electron diffraction of this partially dealloyed S
hase particle was carried out at the three regions indicated in
ig. 6a, as shown in Figs. 6c–e. The diffraction pattern from region 1
xhibits the pattern of Al2CuMg S phase in [100] zone axis, with
001) forbidden spots presenting due to the relatively large foil
hickness that caused dynamical diffraction (Fig. 6b). The diffrac-
ion pattern from region 2 (Fig. 6c), again shows the pattern of
 phase in [100] zone axis of S phase, and 1/2(020) reﬂections
highlighted in red) that originate from dynamical diffraction and a
uperlattice structure. The superlattice structure is possibly formed
y diffusion of more noble atoms (Cu and Al) to vacancies created
y dissolution of magnesium that occupy regular positions in the S
hase cell. The relocation of copper and aluminium atoms causes
he (020) lattice spacing in the S phase structure to decrease byon, with selective transparency applied to the alloy matrix, and various grayscale
rthoslice image; and (c) the extracted volume by the cuboid in (a), showing the S
me respectively.
5% compared to the virgin S phase structure since the interatomic
distances are different: Cu–Mg is 0.277 nm,  Cu–Cu is 0.256 nm and
Cu–Al is 0.254 nm. The diffraction pattern from region 3 displays
the pattern of S phase in [100] zone axis with the absence of the
forbidden spots due to a reduced foil thickness at the region com-
pared to region 1, as shown in Fig. 6d. The additional rings in Fig. 6d
are consistent with the crystal structure of metallic copper, con-
ﬁrming the presence of randomly-orientated copper nanocrystals.
The dissolution of both aluminium and magnesium increases the
concentration of vacancies in the S phase structure and assists the
nucleation of copper crystals. Thus, the diffraction patterns sug-
gest that the dealloyed S phase remnant, when it is still electrically
connected to the alloy matrix, has the same crystal structure as the
virgin S phase with modiﬁed parameters due to the relocation of the
162 T. Hashimoto et al. / Corrosion Science 103 (2016) 157–164
Fig. 6. (a) Transmission electron micrograph of S phase particles after immersion, with the circles 1–3 indicating the regions for the SADP; (b) the diffraction pattern from
region  1; (c) the diffraction pattern from region 2; (d) the diffraction pattern from region 3; higher magniﬁcation bright ﬁeld image (e) and HAADF (f) from region 3 (g) lattice
images from regions 3 with corresponding FFT, with (g) revealing randomly orientated copper nanoparticles.
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fig. 7. 3D reconstructed STEM tomographic image of the dealloyed S phase remn
ighlighted copper nanoparticles and the dealloyed S phase remnant; and (d) highl
oble atoms (Cu and Al) to vacancies created by dissolution of mag-
esium, in addition to the randomly-orientated metallic copper
anocrystals. The retention of the S phase structure during deal-
oying and the generation of copper nanoparticles at the branches
f the porous network have not been observed in earlier studies of
ealloying of S phase [11–14,32].
Fig. 7 shows the 3D reconstructed image of the dealloyed S phase
emnant from region 3 indicated in Fig. 6a, illustrating the S phase
emnant network and the distribution of copper nanocrystals in
he network. Again, it is evident that the copper nanocrystals are
ainly located at the intersections of the dealloyed S phase rem-
ant branches. From the 3D volumetric reconstruction, the volume
ractions of the copper nanocrystals (blue colour) and the deal-om area 3 indicated in Fig. 6a: (a) orthoslice image; (b) copper nanoparticles; (c)
 porosity.
loyed S phase remnant (red colour) are determined as 4% and 45%
respectively.
Fig. 8 displays the lattice images of the dealloyed S phase rem-
nant in the [100] zone axis of S phase, clearly revealing a 2 nm
thick copper layer on the surface of the remnant, with the mea-
sured (111) D-spacing of 0.208 nm in slightly off zone axis of [110].
During dealloying, the preferential dissolution of the less noble
element occurred, which led to the accumulation of more noble
copper atoms on a surface with unstable high positive curvature
[27]. The smoothing of the surface was  achieved by surface and
volume diffusion of the copper atoms. Consequently, a 2 nm thick
copper layer on the surface of the remnant is formed, which has
not been observed in earlier work.
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[Fig. 8. (a) HAADF lattice images of dealloyed S phase rem
The copper layer eventually covered the whole surface of the
ealloyed S phase remnant branches, consequently, terminating
urther dissolution of the less noble elements from the remnant.
he degree to which the selective dissolution occurs is determined
y the kinetics of the dissolution of the less noble elements and
he kinetics of the formation of the copper layer, or the kinetics
f the diffusion of copper atoms. This explains the observation of
ig. 4, that the dealloying of S phase could reach a stable condi-
ion when no further morphological and compositional changes
ccurred within the dealloyed S phase remnant. The presence of
he copper layer on the surface of the S phase remnant branches
lso helps the explanation for the observation in Fig. 2, that only the
ealloyed remnant could provide the driving force for the prefer-
ntial dissolution of the alloy matrix adjacent to the particle under
he testing condition, since copper is a signiﬁcantly more effec-
ive cathode compared to the S phase. Therefore, the dealloyed S
hase remnant is cathodically protected and, consequently, retains
 stable condition, with little change in the morphology and compo-
ition as long as the remnant is electrically connected to the alloy.
owever, the stable status is temporary. As reported previously
11–13,18,19], when the S phase remnant is electrically isolated
rom the alloy, oxidation of copper layer and further dealloying of
he S phase remnant occurs.
. Conclusions
 A combination of 3D and 2D high resolution microscopy has
enabled a detailed, quantitative investigation of the dealloying
of S phase in AA 2024-T3 alloy to reveal new insights into the
dealloying process. The dealloying of S phase (Al2CuMg) parti-
cles is shown to produce a typical sponge-like morphology with
nanosize pores and continuous solid S phase remnant network.
The morphology of dealloying S phase evolved gradually. Rela-
tively ﬁne pores and a ﬁne remnant network formed in the early
stages of dealloying. Later, relatively large pores and a coarser
remnant network develop.
 The main body of the dealloyed S phase remnant, when it is still
electrically connected to the alloy matrix, has the same crystal
structure as S phase with modiﬁed parameters, with metallic
copper nanoparticles present at the intersections of remnant
branches. At the surface of the remnant, a copper layer of ∼2 nm
thick is present.
 The dealloying of S phase reaches a stable condition, with no
further morphological and compositional changes within the
dealloyed S phase remnant, due to the formation the copper
layer on the surface of the S phase remnant branches. The vol-
ume fractions of the dealloyed S phase remnant and the copper
[
[(b) schematic diagram of the dealloyed S phase remnant.
nanoparticles are in the ranges 45–60% and 4–8% respectively.
The degree to which the selective dissolution occurs is deter-
mined by the kinetics of the dissolution of the less noble elements
and the kinetics of the formation of the copper layer, or the kinet-
ics of the diffusion of copper atoms.
4 The dealloyed S phase remnant with the copper layer on its sur-
face can provide effective cathodic support for the preferential
anodic dissolution of the alloy matrix adjacent to the particle as
long as the remnant is electrically connected to the alloy matrix.
Dealloying of  phase also occurred, but the detailed mechanism
remains to be investigated.
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